Abstract The association between adipose tissue and immunity has been established and fat-associated lymphoid clusters (FALCs) are considered as a source of immune cells. We discovered lymphoid clusters (LCs) in mouse mediastinal fat tissues (MFTs). In Th1-biased C57BL/6N (B6), Th2-biased DBA/2Cr (DBA) and autoimmune-prone MRL/MpJ (MRL) mice strains, LCs without a fibrous capsule and germinal center were observed in white-colored MFTs extending from the diaphragm to the heart. The number and size of the LCs were larger in 12-month-old mice than in 3-month-old mice in all of the examined strains. Moreover, B6 had an especially large number of LCs compared with DBA and MRL. The immune cells in the LCs consisted of mainly T-cells and some B-cells. The majority of T-cells were CD4+ helper T (Th) cells, rather than CD8+ cytotoxic T-cells and no obvious immune cell population difference was present among the strains. Furthermore, high endothelial venules and lymphatic vessels in the LCs were better developed in B6 mice than in the other strains. Interestingly, some CD133+ hematopoietic progenitor cells and some c-Kit+/CD127+ natural helper cells were detected in the LCs. BrdU+ proliferating cells were more abundant in the LCs of B6 mice than in the LCs of the other strains and the number of BrdU+ cells increased with age. This is the first report of LCs in mouse MFTs. We suggest that the mouse genetic background affects LC size and number. We term the LCs "mediastinal fat-associated lymphoid clusters". These clusters can be considered as niches for Th cell production.
Introduction
Adipose tissue is a specialized connective tissue distributed throughout the body. It acts as a cushion and stores lipids as energy sources. Furthermore, adipose tissue has been recognized as a major endocrine organ, producing hormones and adipokines such as leptin, estrogen, resistin and tumor necrosis factor alpha (Kershaw and Flier 2004) . Recently, lymphoid clusters (LCs) were observed in the adipose tissue of human and mouse mesentery; they were termed fat-associated lymphoid clusters (FALCs; Moro et al. 2010) . FALCs are in direct contact with adipocytes, lack fibrous capsules and contain Tcells, B-cells, macrophages and dendritic cells and are also found around the kidney and genital organs (Koyasu and Moro 2011a) . They are structurally similar to the milky spot in the omentum, which is considered a gateway of cells between the circulation and the peritoneal cavity (Cranshaw and Leak 1990) . However, unlike the milky spot, T-cell and Bcell zones or germinal center structures are not observed in FALCs . Results from retinoic acid receptorrelated orphan receptor gamma (RORγ)-deficient mice and alymphoplasia (aly/aly) mice suggest that the differentiation pathway of FALCs is distinct from that of lymph nodes or Peyer's patches (Nishikawa et al. 2003) .
The two major subsets of helper T (Th) cells, namely Th1 and Th2 cells, can be differentiated by their pattern of cytokine production (Fiorentino et al. 1989 ). Th1 cytokines include interleukin 2 (IL-2), IL-12 and interferon gamma (IFN-γ), which are associated with the activation of cellular immunity. Th2 cytokines include IL-10, IL-4, IL-5 and IL-6, which are associated with humoral immunity. In addition to these Th cells, Th17 cells producing IL-17 have been identified and these cells are considered critical for the development of autoimmune disease (Bettelli et al. 2007 ).
The cooperation of innate and adaptive immune responses is crucial for protective immunity against infection (Zygmunt and Veldhoen 2011) . B-cells and T-cells are the major types of cells involved in the adaptive, or acquired, immune system. In addition to two prototypic innate lymphocyte populations, namely classical natural killer (NK) and lymphoid tissue inducer (LTi) cells, Th2-type innate lymphocytes, such as Nh cells, have been identified in recent studies Koyasu and Moro 2011b) . Interestingly, Nh cells expressing cKit, Sca-1, interleukin-2 receptor (IL-2R), interleukin-7 receptor (IL-7R) and IL-33R have been found in the FALC. Nh cells in the FALC produce Th2 cytokines, including IL-5 and IL-13 and play important roles in innate and anti-helminth immunity . IL-7R consists in two chains, the IL-7R α-chain (IL-7Rα; also known as CD127) and the common cytokine receptor γ-chain (γc; also known as CD132; Mazzucchelli and Durum 2007) . Recent studies have shown that CD127 is also expressed by mouse NK lineage cells early during differentiation (Chiossone et al. 2009 ) and by gut lamina propria CD56+CD3− NK cells (Takayama et al. 2010) .
Autoimmune disease models such as the MRL/MpJ-lpr/lpr (MRL/lpr) mice develop autoantibody production, lymphadenopathy and glomerulonephritis associated with Th1 responses, similar to human systemic lupus erythematosus. In contrast, abnormal Th2 skewing in MRL/lpr mice alters the feature of nephritis from proliferative to membranous glomerulonephritis, with an altered balance of Th1 (IFN-γ) and Th2 (IL-4) cytokine production (Shimizu et al. 2005) . Shimizu et al. (2005) reported that the imbalance of Th responses is associated with autoimmune phenotypes. Interestingly, the genetic background of mice has been demonstrated to influence the Th responses. Briefly, mouse strains favoring a Th1 response include C57BL/6, C57BL/10 and B10.D2/nSn and those favoring a Th2 response include DBA/2, BALB/c, BALB/cBy, BALB.B and BALB.K (Linda et al. 2000; Charles et al. 2000) . These differences in Th responses are caused by differences in the genetic background of the mice and the susceptibility to several diseases, such as skin tumors, pneumonia, and obesity differs between C57BL/6 and DBA/2 (Gudmundsson et al. 1998; Butler et al. 2002) .
In the present study, we found LCs associating with mediastinal fat tissues (MFTs) and termed them "mediastinal fatassociated lymphoid clusters" (mediastinal FALCs). Furthermore, the size and lymphocyte number of the mediastinal FALCs differ among the studied mouse strains: Th1-biased C57BL/6, Th2-biased DBA/2 and autoimmune-prone MRL/MpJ. This is the first report of strain-specific differences in mediastinal FALC structures and we hypothesize that these differences are associated with the individual characteristics of the immune responses in these strains.
Materials and methods

Experimental animals
C57BL/6N (B6), DBA/2Cr (DBA) and MRL/MpJ (MRL) mice of both sexes were used in the present study. However, we only present data of male mice as no sex-related difference was found in the present investigation. Eight-to 10-week-old mice purchased from Japan SLC (Hamamatsu, Shizuoka, Japan) were maintained with free access to specific pathogen-free food and water in our facility and were used at 3 and 12 months of age. In handling the experimental animals, the investigators adhered to the Guide for the Care and Use of Laboratory Animals, Hokkaido University, Graduate School of Veterinary Medicine (approved by the Association for Assessment and Accreditation of Laboratory Animal Care International).
Tissue preparation and microscopic observation
After the mice had been killed by deep inhalation anesthesia, MFTs within the mediastinum extending from the caval foramen of the diaphragm to the heart and the thymus were removed and fixed with 4 % paraformaldehyde (Fig. 1) . After overnight fixation, specimens were washed in distilled water, stained by using the whole-mount hematoxylin method and observed, after penetration by glycerol, under a stereomicroscope. For histological examination, the removed MFTs were dehydrated in graded alcohol and embedded in paraffin. Subsequently, 3-μm-thick paraffin sections of MFT were deparaffinized, rehydrated, stained with hematoxylin and eosin (HE) and observed by light microscopy.
Immunohistochemistry
Using the MFT sections, immunohistochemical analysis for B220, CD3, CD4, CD8, CD133, peripheral node addressin (PNAd) and lymphatic vessel endothelial hyaluronic acid receptor 1 (LYVE-1) was performed to detect B-cells, pan Tcells, Th cells, cytotoxic T (Tc) cells, hematopoietic progenitor cells (HPC), high endothelial venules (HEV) and lymphatic endothelial cells, respectively. The immunohistochemical procedures were performed according to previous reports (Elewa et al. 2010a) .
The details of the antigen retrieval methods and of the sources and dilutions of the antibodies are listed in Table 1 . For the detection of proliferating cells, 5-bromo-2-deoxyuridine (BrdU; Wako Pure Chemical Industries, Tokyo, Japan) was dissolved in phosphate-buffered saline (PBS) and injected intraperitoneally into mice at 100 mg per kg body weight. The MFTs were removed from the animals at 2 h after BrdU injection. To detect BrdU-labeled cells, the MFT paraffin sections were stained with rat anti-BrdU antibody (Table 1 ). The immunopositive reactions were developed in 3,3′-diaminobenzidine-H 2 O 2 solution. The sections were counterstained with hematoxylin. Sections of spleen were used as positive controls and stained by various antibodies simultaneously with the MFTs. The sections for negative controls were stained with isotype control Ig at the same concentration as that used with the primary antibody or were incubated in 0.01 M PBS without primary antibody (data not shown).
Immunofluorescence
Immunofluorescence for c-Kit and CD127 was performed to detect Nh cells. The deparaffinized sections were treated with 10 mM citrate buffer (pH 6.0) for 20 min at 105°C, treated with normal donkey serum and incubated at 4°C overnight with goat anti-c-Kit antibody (1:100) and rabbit anti-CD127 antibody (1:1000; Table 1 ). The sections were then incubated with Alexa-Fluor-488-labeled donkey anti-goat IgG and Alexa-Fluor-546-labeled donkey anti-rabbit IgG (1:500; Invitrogen, Eugene, Ore., USA) for 30 min, followed by Hoechst33342 (1:2000; Dojindo, Kumamoto, Japan) for 3 min. Immunofluorescence signals were examined by confocal microscopy.
Histoplanimetry
Light micrographs of five whole-mount specimens and of paraffin sections of the MFTs from each strain were prepared for histoplanimetry. In the digital images of the sections, the areas of the LCs were observed as dark regions in the MFTs. LCs and MFTs were measured by using ImageJ software (ver. 1.32j, http://rsb.info.nih.gov/ij) and the LC-to-MFT ratio was calculated as reported previously (Elewa et al. 2010b ). Based on the immunohistochemical study, the numbers of B220-, CD3-, CD4-and CD8-positive cells in the LCs were counted in three different sections of the MFTs from each mouse strain. In each section, the number of immunonegative cells was also counted and the percent of immunopositive cells among total cells was calculated as the positive cell index for each cell population. The average of the indices for each cell population is presented.
Statistical analysis
All numerical results are shown as the mean ± standard error (SE). The results of the various groups were compared by using an analysis of variance (ANOVA). We used Tukey's post-hoc test for multiple comparisons when a significant difference was observed by ANOVA (P<0.05).
Results
LCs in mouse MFTs
The MFTs were observed as white-colored fat tissue in the mediastinum, extending from the caval foramen of the diaphragm to the heart (Fig. 1) . The localization of the MFTs was not significantly different among the examined mice (data not shown). In the stereomicroscopic observations of the wholemount hematoxylin specimens, the examined MFTs from all mice showed dark-stained regions that varied in shape and size and these regions were confirmed as LCs by subsequent histological examination (Fig. 3) . In particular, the MFTs of B6 mice ( Fig. 2a) had a larger number of LCs compared with DBA and MRL mice (Fig. 2b, c) . The size of these LCs was also greater in C57BL/6N mice ( Fig. 2d ) than in other mice strains (Fig. 2e, f) . These observations were confirmed by histoplanimetry ( Fig. 2g) : the ratios of LC area to total MFT area were significantly higher in B6 mice than in other mice strains at 3 and 12 months; notably, the values at 12 months tended to be higher than the values at 3 months for all examined mice. In the HE-stained MFT sections, the dark regions of the whole-mount MFT specimens were observed as clusters of mononuclear cells (Fig. 3a-f) . We termed these structures mediastinal FALCs. All examined mediastinal FALCs differed from the structure of the lymph node, being neither surrounded by fibrous capsules nor formed by lymphatic nodules (Fig. 3d-f) . Although mediastinal FALCs were observed in all examined mice, the size and number of mediastinal FALCs were more prominent in B6 mice than in DBA and MRL mice. Similar to the light microscope observations of the HE-stained MFT sections, the histoplanimetrical measurements of the ratio of the LC area to the total MFT area (Fig. 3g) revealed a significantly greater ratio in B6 mice than in other mice at 3 and 12 months. In addition, the values at 12 months tended to be higher than the values at 3 months for all examined mice.
Blood vessels and lymphatic vessels in mouse mediastinal FALCs
As a characteristic of mediastinal FALCs, blood capillaries and venules were observed within the LCs (Figs. 3e, 4 ) and several lymphocytes and red blood cells were observed in the lumen. Some endothelial cells in the venules of the mediastinal FALCs had abundant cytoplasm and large nuclei, characteristics of HEVs (Fig. 4a, b) . In immunohistochemical analysis of PNAd (HEV marker), the endothelial cells of the venules of the mediastinal FALCs showed positive reactions, which were stronger in B6 mice (Fig. 4c) than in DBA and MRL mice (Fig. 4d, e) at 12 months. No positive reaction in HEVs was observed in the serial sections stained with normal IgM controls (Fig. 4f-h) .
Furthermore, lymphatic vessels positive for LYVE-1 were observed within the mediastinal FALCs (Fig. 5a, b) and in the mediastinal fat tissue (Fig. 5c-f) , whereas blood vessels containing erythrocytes were not positive for LYVE-1 (Fig. 5c) . Interestingly, these lymphatic vessels were more abundant in B6 mice (Fig. 5a -c) than in DBA (Fig. 5d ) and MRL mice (Fig. 5e , f) at 12 months. 
Immune cells in mouse mediastinal FALCs
To determine the population of immune cells in the mediastinal FALCs, an immunohistochemical analysis of B220, CD3, CD4 and CD8 was performed to detect B-cells, pan T-cells, Th cells and Tc cells, respectively. In the three strains, B220-positive Bcells and CD3-positive T-cells were observed, the latter being more predominant than the former (Fig. 6a, b, e, f) . With regard to T-cells, CD4-positive Th cells (Fig. 6c, g ) were more abundant than CD8-positive Tc cells (Fig. 6d, h ). These results were confirmed by histoplanimetry. The immunopositive cell index of CD3 was higher than for other markers in all examined mice and the index of CD4 was higher than that of CD8 (Fig. 6i) . No significant strain-specific difference was observed in the populations of mediastinal FALC immune cells. Furthermore, some F4/80-positive cells were detected in the mediastinal FALC and no significant strain difference was observed (data not shown).
For all examined strains, some CD133-positive cells were observed in the mediastinal FALCs (Fig. 7 ) and these cells were localized within large LCs (Fig. 7a) , the lumen of blood vessels (Fig. 7b, c ) and small LCs (Fig. 7b, d ). The mononuclear cells in the small LCs (Fig. 7b ) appeared to be newly aggregated, containing more CD133-positive cells than the mononuclear cells in the large LCs (Fig. 7a) . No positive cells were observed in the serial sections stained with normal IgG controls (Fig. 7e, f) .
Immunofluoresence revealed the presence of some c-Kit+/ CD127+ cells and many c-Kit-/CD127+ cells within the mediastinal FALC of C57BL/6 mice at 12 months ( Fig. 8a-d) . These results were confirmed by immuhohistochemistry for c-Kit and CD127 (Electronic Supplementary Material, Fig. S1a, b) .
BrdU-positive cells were observed in the mediastinal FALC (Fig. 9) . A greater number of BrdU-positive cells were observed within the mediastinal FALC of B6 mice (Fig. 9c, f) than in the mediastinal FALC of DBA mice (Fig. 9a, d ) at 12 months. Moreover, the number of BrdU-positive cells in the mediastinal FALC of B6 mice was greater at 12 months (Fig. 9c, f) than at 3 months (Fig. 9b, e) .
Discussion
LCs in MFTs
Adipose tissue is no longer considered as an inert tissue that solely functions in energy storage. Other important roles of adipose tissue are emerging, for example, the regulation of various physiological and pathological processes. Recently, much effort has been invested into defining the roles of adipokine-soluble mediators derived mainly from adipocytes in the interactions between adipose tissues and immunity (MacLaren et al. 2008) . Adiponectin and leptin have emerged as the most abundant adipokines produced by adipocytes, thereby redefining adipose tissue as a key component of the endocrine and immune systems (Tilg and Moschen 2006) .
Novel LCs called FALCs were discovered in the mesenteric adipose tissue of humans and mice . In the present study, we focused our examination of mouse MFTs at 3 and 12 months, corresponding to early and late adulthood, respectively. We discovered LCs in the MFTs of the mouse mediastinum extending from the caval foramen of the diaphragm to the heart. Our histological examinations revealed that these LCs had no fibrous capsules and contained more T-cells than B-cells. Therefore, the structural characteristics and immune cell populations of the mediastinal FALCs are similar to the mesenteric FALCs . Furthermore, the border between the T-cell and B-cell areas was unclear and no germinal center was observed in the LCs of the mouse MFTs, unlike the milky spot in the omentum (Cranshaw and Leak 1990) . The LCs of the MFTs were observed in healthy B6 and DBA mice and in autoimmuneprone MRL mice. These morphological characteristics and the appearance of mediastinal FALCs in healthy mice differed from the tertiary lymphoid follicles and LCs present in the target tissues of various immune diseases, such as synovial tissue in rheumatoid arthritis (Takemura et al. 2001) . From these findings, the lymphoid structures that we discovered in the mouse MFTs were clearly distinct from lymphatic nodules and pathological cell infiltrations and were universally observed in the different mouse strains. We termed these clusters mediastinal FALCs.
Age-and strain-specific differences in mediastinal FALCs caused by different genetic backgrounds
The putative functions of mouse mesentery FALCs are the self-replication of peritoneal B-cells, the induction of IgA production and the promotion of an antiparasitic response via the Th2 cytokines of Nh cells Koyasu et al. 2010; Koyasu and Moro 2011a) . However, the proper functions of mediastinal FALCs in mice and their presence in humans are still unknown. Importantly, in this study, strain-or age-specific changes in mediastinal FALCs were observed in mice and the size of mediastinal FALCs increased with age. Age-related changes in immune cells are important for the response to antigens. Briefly, the number of splenic myeloid dendritic cells is higher in middle-aged (8-month-old) and young (3-week-old) B6 mice and these age-dependent differences in dendritic cells are associated with resistance to Plasmodium infection in middle age (Shan et al. 2012) . In calves, total mucosal leukocytes increase with age in the small intestine; much of this increase is attributed to mucosal CD3+ T-cells. In particular, CD4+ T-cells increase significantly in the jejunum and CD8+ T-cells increase significantly with age throughout the small intestine (Fries et al. 2011) . Furthermore, age-dependent development of the duct-associated lymphoid tissue (DALT) of minor salivary glands has been reported in Macaca fascicularis (the crab-eating macaque); DALT might play a substantial role in the local immunosurveillance of the oral cavity (Nair et al. 1987) . These findings suggest that the age-related differences in mediastinal FALCs are associated with some immunological functions related to increased host responses to pathogens and native antigens.
Furthermore, we shed light on the mouse strain-specific differences by means of our examination of mediastinal FALC morphology. Briefly, the ratio of mediastinal FALC area to MFT area is significantly higher in B6 mice than in D B A m i c e an d a u t o i m mune -pr one MRL m ic e. Interestingly, Th1-biased B6 mice are susceptible to hypersensitive pneumonitis but Th2-biased DBA mice are resistant (Butler et al. 2002; Gudmundsson et al. 1998) . Hypersensitive pneumonitis is a granulomatous inflammatory lung disease caused by repeated inhalation of organic antigens in humans and mice (Fink 1992; Sharma and Fujimura 1995) . Although exposure to pathogenic antigens is widespread in humans, only a minority (5-10 %) of the exposed individuals develop clinical disease (Fink 1992) and variations in the susceptibility to hypersensitive pneumonitis, attributable, for example, to genetic background, might contribute to these differences in humans and in other animals. Furthermore, eosinophilic macrophage pneumonia is observed more frequently in mice with the B6 genetic background (Murray and Luz 1990; Hoenerhoff et al. 2006) . In addition to lung diseases, the genetic background of B6 mice might be associated with aseptic inflammation of the upper urinary tract, which accelerates the pathological effects of the MRL-derived autoimmune susceptibility locus for glomerulonephritis (Ichii et al. 2008 (Ichii et al. , 2011 . Therefore, strain-specific differences in mediastinal FALC areas might underlie the differential immune response, mediated by several genetic factors. In particular, the Th1-biased B6 background might be associated with the acceleration of susceptibility to intrapleural disease. Interestingly, we found blood vessels, such as blood capillaries and venules, in the mediastinal FALCs of all examined mice and the venules showed positive reactions for an HEV marker, PNAd. These PNAd-positive venules are more prominent in B6 mice, which have the largest mediastinal FALC area among the examined mouse strains. Lymphocytes are intrinsically mobile; they circulate continuously between the blood and secondary lymphoid tissues. When naive lymphocytes first enter the lymph nodes and Peyer's patches, they adhere to and migrate across the HEV (Kraal and Mebius 1997; Miyasaka and Tanaka 2004) . Moreover, LYVE-1-positive lymphatic vessels were observed within the mediastinal FALCs and the MFTs. Such lymphatic vessels are more prominent in B6 mice than in the other examined strains, suggesting a major role of lymph vessels in lymphocyte emigration and antigen transport. Future studies are required to differentiate whether these lymphatic vessels are afferent or efferent types.
Furthermore, some CD133-positive cells were observed in the LCs or in the lumen of the blood vessels in the mediastinal FALCs, indicating the presence of HPCs (Handgretinger and Kuçi 2013) . The migration of hematopoietic stem cells has been suggested to occur through the blood, across the endothelial vasculature, to various organs and to their bone marrow niches via a homing process (Lapidot et al. 2005) . From these findings, we propose that immature hematopoietic cells migrate to mediastinal FALCs via HEVs and act as niches for Th cell production.
Our results revealed the presence of BrdU-positive cells within the clusters, indicating that some proliferating cells are present in the mediastinal FALCs (Taupin 2007) . Our results further show that the number of BrdU-positive cells is greater in B6 mice than in the other strains. Moreover, the number of BrdU-positive cells tends to increase with age. Fulton et al. (2010) showed that regulatory T-cells incorporating BrdU rapidly accumulate in the lung-draining mediastinal lymph nodes and lungs following acute respiratory syncytial virus infection. Furthermore, Mannering et al. (2002) revealed that Listeria infection causes a dramatic and acute activation and proliferation of T-cells. The present study revealed that normal mediastinal FALC structures contain T-cells, B-cells, hematopoietic cells and proliferating cells in healthy mice. Further studies are required to characterize the immune responses in mediastinal FALCs in mice challenged with foreign antigens, focusing especially on the T regulatory response.
